Introduction
High efficiency Cu(In,Ga)Se 2 (CIGS) thin film solar cells employ a CdS buffer layer as a hetero junction counterpart to CIGS [1, 2] . The CdS buffer layers are deposited by chemical bath deposition (CBD). For environmental safety, Cd-free buffer layers were developed, such as Zn(O,OH,S) and ZnS [3, 4] . These buffer layers are also deposited by CBD. From the viewpoint of productivity, vacuum process is attractive to prepare the buffer layers. The merits of CdS as a buffer layer are as follows: (1) buried n-p junction formation by Cd doping at the CIGS surface during CBD, (2) good lattice matching between CdS and CIGS, and (3) appropriate conduction band offset (CBO). These hetero junction engineering are essential to achieve high efficiency. In these merits, we have been working on the CBO matching between buffer/CIGS layers [5] using the solid solution of Zn compound, i.e., ternary alloys of (Zn,Mg)O [6] [7] [8] and ZnO 1-x S x [9, 10] prepared by sputtering. In this paper, we report on the hetero junction engineering using ZnO 1-x S x and discuss the mechanism of the efficiency enhancement of the CBO matching.
Experimental procedure
To control the CBO between buffer/absorber layers, the ZnO 1-x S x films were deposited on CIGS (2 µm)/Mo (0.8 µm)/soda-lime glass structure. The CIGS and Mo films were deposited by evaporation and sputtering processes, respectively. In this study, due to the long storage of the CIGS films, the CIGS film surface was cleaned by KCN solution etching and 250 o C thermal treatment under inert atmosphere. This cleaning process should not be required if the deposition processes are immediately performed. The ZnO 1-x S x films (0.1 µm) were deposited by radio frequency (RF) co-sputtering of ZnO and ZnS targets. The sulfur content x in ZnO 1-x S x was controlled by RF powers to the targets. Then, solar cell structure was completed by the deposition of transparent electrode of In 2 O 3 :Sn (ITO) (0.1 µm) and grid electrode of NiCr/Al layers. For comparison, the conventional structure using ZnO/CdS buffer layers was also fabricated.
To verify the effect of CBO control in other absorber, CuInS 2 solar cells were also fabricated using similar structure. CuInS 2 (2 µm) films were prepared by sulfurization of Cu-In metallic precursors.
The current density-voltage (J-V) characteristics of the solar cells were measured under AM1.5G 100 mW/cm 2 illumination at 25 o C. Figure 1 shows the J-V curves of the ZnO 1-x S x /CIGS solar cells with x = 0.0 (ZnO) ~ 0.62. At x=0, open circuit voltage (V oc ) was less than 0.3 V and fill factor (FF) was also small. This is due to the CBO mismatching. The conduction band of ZnO is lower than that of CIGS and cliff is formed as shown in the band diagrams of Figure 2 . In this calculation using our device simulator [5] , the ordered defect compound of Cu(In,Ga) 3 Se 5 phase is assumed to exist at the CIGS surface. As understood from the band diagrams, in the case of the negative CBO, when the forward bias is applied, the hole concentration at the hetero junction between the buffer layer and CIGS surface is higher than that in the case of the positive CBO. The electron injections in both cases are not significantly different, thus the higher hole injection leads higher recombination, resulting in the decrease in V oc and FF. With increasing x, V oc and FF were improved and an optimum efficiency (90.5% relative to CdS reference) was obtained at x=0.18. With further increasing x, J sc and FF drastically decreased due to the decrease in photo-generated electron current most probably by the spike formed at the buffer/CIGS interface as shown in Fig. 2 . The spike acts as a barrier to the photo-generated electron but at the same time this acts as a barrier for electron injection from the front electrode, thus V oc does not decrease drastically. This behavior can be explained as double diode curvature observed in Fig. 1 . These trends are well corresponded to the behavior of solar cell parameters with different CBO values predicted by device simulation [5] .
Results and discussion
The effect of the CBO control in the CuInS 2 solar cells was also examined. Figure 3 shows the FF of ZnO 1-x S x /CuInS 2 and ZnO 1-x S x /CIGS solar cells as a function of x. In both cases, the FF showed plateaus, i.e., lower FF due to increase in the forward current by the negative CBO and the decrease in the photo-generated electron current collection by too large positive CBO as explained above.
The hetero junction engineering by the CBO matching dominates both diode and photo currents, indicating that the CBO control is important to achieve high efficiency. Also, we pointed out that the CBO matching influenced photo J-V meta-stability so-called light soaking effect [11] [12] [13] . 
Conclusions
The CBO matching using the ZnO 1-x S x buffer layers was useful to enhance the efficiency of CIGS solar cells. The trend of J-V characteristics with increasing x was well corresponded to the behavior of CBO matching predicted by device simulation. The usefulness of the ZnO 1-x S x buffer layers was also confirmed in the CuInS 2 solar cells. The hetero junction engineering by the CBO control dominates total current flow in the devices, i.e., both diode and photo-generated electron currents. The CBO matching is one of the important key parameters to achieve high efficiency in CIGS solar cells. 
